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Abstract

The spectrometer solenoids are supposed to be the first magnets installed in the
MICE Cooling Channel [1] to [7]. The results of the test of Spectrometer Magnet 2B are
reported in a previous MICE Note [8], [9]. Magnet 2B was tested with all five coils
connected in series. The magnet failed because a lead to coil M2 failed before it could be
trained to its full design current of 275 A. First, this report describes the condition of the
magnet when the lead failure occurred. The lead that failed was between the cold mass
feed-through and the heavy lead that connected to coil M2 and the quench protection
diodes. It is believed that the lead failed because the minimum propagation zone (MPZ)
length was too short. The quench was probably triggered by lead motion in the field
external to the magnet center coil. The effect of heat transfer on quench propagation and
MPZ length is discussed. The MPZ length is compared for a number of cases that apply
to the spectrometer solenoid 2B as built and as it has been repaired. The required heat
transfer coefficient for cryogenic stability and the quench propagation velocity along the
leads are compared for various parts of the Magnet leads inside the cold mass cryostat.
The effect of the insulation on leads on heat transfer is and stability is discussed.
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Conditions that may have led to the M2 Coil Lead Break

Table 1 shows the temperatures and liquid levels in the cryostat just before the
quench at 258 A that resulted in the break of the lead between the bottom of the HTS lead
and the voltage tap to the coil. This quench occurred on 19 March 2010. The
interpretation of the data given in Table 1 depends on where the lead break occurred.

Table 1. Temperature and liquid level data during the magnet charge of 19 March 2010.

Time on 19 March 2010 (PST) ~15:20 ~15:45 ~16:16
Current in the Five Coils (A) ~140 ~212 ~250
Cu Plate T at far end of Leads TPR3 (K) 45.45 46.63 48.17
Cu Plate T near Cooler 1 TPR4 (K) 50.53 50.49 50.75
Cu Plate T near Cooler 2 TPRS5 (K) No data No data No data
Cu Plate T near Cooler 3 TPR6 (K) 48.82 49.38 50.47
Shield T M1 End at Top TPR7 (K) 87.87 87.42 87.22
Shield T E2 End at bottom TPR8 (K) 98.55 98.51 98.45
T Outside of Cold Mass at E2 End TSD1 (K) 4.53 4.61 4.97
T Outside Condenser 1 TSD2 (K) 5.04 5.02 5.35
T Outside Condenser 2 TSD3 (K) 478 4.89 5.29
T Outside Condenser 3 TSD4 (K) 5.24 5.49 5.82
T inside Cryostat Bottom M1 End TRX1 (K) 4.250 4.208 4.216
T inside Cryostat Top E2 End TRX2 (K) 4.372 4.663 5.143
Liquid Level Lower Gauge (%) 99 99 99
Liquid Level Upper Gauge (%) ~12.2 ~6.9 <0

At all currents shown in Table 1, there was gas where the cold mass feed-through
was located. The temperature in the gas space at the top of the E2 end of the magnet
cryostat is higher than the liquid temperature at the bottom of the magnet cryostat at the
M1 end of the magnet. When the magnet cryostat is filled with liquid helium TRX1 is
higher than TRX2, because the pressure at the bottom of the cryostat is higher than the
pressure at the top of the cryostat. (On the saturated liquid line, a higher pressure
corresponds to a higher temperature.) As the current increased, the temperature in the gas
space increased. This is probably due to magnet coil AC loss heating [10] [11].

When the temperature rise from sensor TRX2 was first observed, it was thought that
the temperature sensor might be faulty. What convinced us that the sensor was not faulty
was the temperature measured on the outside of the cryostat near TRX2 using silicon
diode sensor TSD1. The temperature measured by TSD1 went up, even though the
apparent temperature measured by the diode should go down because of the magnetic
field generated by the current in the magnet. There were similar temperature increases
shown by sensors TSD2 through TSD4, which are located on the outside of the cooler
stainless steel tubes near the stage-2 condensers for all three coolers.
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Figure 1 shows the conductor load lines for a single conductor at three radii outside
of the spectrometer solenoid center coil at 275 A. At the peak field point inside the coil
near the E2 end (B, = ~4.6 T), the critical temperature of the conductor is about 6.4 K.
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Figure 1. Conductor load lines for a single superconducting lead located outside of the center
coil of the MICE spectrometer solenoid.

Figure 1 shows that the critical temperature of the niobium-titanium conductor is
greater than 7.4 K, even when the induction outside of the center coil is about 1 T. The
region at 0.5 T is just outside of the cold mass where the vacuum tight feed-through
passes through the shell. The region that is at 0.2 T is at the low temperature end of the
HTS leads for the spectrometer solenoid. At the top of the leads the induction is less than
0.1 T. It is clear that temperature alone is very unlikely to be the cause of the failure of
the M2 coil lead. It appears that some other factor led to the break of the M2 coil lead.

Rapid conductor motion in a magnetic field can cause AC losses in the conductor. If
the conductor is poorly cooled, it is possible that the conductor temperature could become
higher than its critical temperature over some length of the conductor that will allow the
normal region to propagate along the lead wire. Conductor motion can be caused by
magnetic forces. In much of the region in and around the diodes, the direction of the
current in the conductor is the same as the magnetic field direction. These conductors are
also well supported. In the region on the helium side of the feed-through, there is the
potential for conductor motion due to Lorenz forces; because flexibility was built into the
system to enable the magnet leads to be connected to the feed-through during the magnet
assembly. The conductor leading to the feed-through was small in cross-section.



Since the region between the outer surface of the center coil and the outside of the
feed-through is at a magnetic induction of 0.5 to 1 T, there is the ability to generate I x B
forces as high as 275 N/m in the wire. The unsupported length of wire is supposed to be
short, but there is the possibility that such forces could generate enough conductor motion
to result in a wire quench. If there is a short length of thin lead wire, a normal region
long enough to propagate along the wire can develop and cause the wire to burn out.

Because the cold mass moves with respect to the bottom of the HTS leads during the
magnet cool-down, there must be some flexibility between the bottom of the HTS leads
and the top of the structure that carries the magnet leads between the vacuum side of the
feed-through and the HTS leads. The field in this region is much lower than it is around
the feed-through that goes into the magnet helium tank. Since the magnetic field is lower
(~0.15 to 0.2 T), the forces are much lower (less than 50 N/m) in this region. If the
failure occurred in this region, it seems unlikely that the elevated temperature of the gas
in the upper part of the cryostat had anything to do with the lead failure. The lead failure
didn’t occur in this region, but it may have been possible for a short section of lead
outside of the feed through to turn normal. The lead outside of the cold mass feed-
through was better supported than the lead inside of the cold mass feed-through.

It is unlikely that a quench of the magnet (with all coils connected in series) caused
the lead to coil M2 to fail. In order for this to happen, the quench must propagate to the
lead that failed. When the magnet quenches, the current decays to zero in roughly 5 s. If
the M2 coil lead went normal due to the magnet quench, its current would also decay is
about 5 s. Even at the full design current for the spectrometer magnet, the heating in the
lead is very unlikely to be hot enough to melt the copper in the lead.

In general, it is implausible that the heating at the top of the helium vessel was the
direct cause of the M2 lead failure. The increased temperature in the top of the gas space
around coil E2 was caused by coil AC losses and poor cooling.  Heating due to
conductor motion in a magnetic field appears to be the cause of the conductor failure in
the M2 coil circuit. Since the failure of the M2 lead occurred inside of the cold mass
helium vessel, poor cooling of the conductor in helium gas could be a contributing factor
to the lead failure, but it is not the cause of the failure. This will be discussed later.

The Break in the M2 Lead in Spectrometer Solenoid 2B

After magnet 2B with all five coils connected in series was quenched at 258 A, the
magnet was cooled down to 4 K and the cold mass helium tank was filled. When we
tried to charge the magnet, the power supply went to the designated charging voltage; the
magnet carried no current. The external circuits were checked to see that there were no
cables disconnected. There were no breaks in the external circuit. The cables were
disconnected so that one could measure the resistance of each of the five coils. All of the
spectrometer solenoid coils had zero resistance, except coil M2, which was an open
circuit. It was clear that there was a break in the M2 coil circuit and that the break was
inside of the cryostat vacuum vessel. Using the voltage taps in the M2 coil circuit, we
were able to determine which part to the magnet circuit was broken. The break in the M2
coil circuit occurred between the bottom of one of the HTS leads and the point in the coil
circuit where the back-to-back diodes and resistor were connected to the coil. It was
clear that the coil itself was not damaged. The section of the M2 coil circuit where the
break occurred is illustrated schematically in Figure 2.
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Figure 2. An Electrical Schematic of the M2 Coil Circuit with its Six Voltage Taps.
(Note: the current surge protection resistors on the voltage taps are not shown.)

The turret region of the magnet 2B was carefully disassembled so that we could find
the break in the M2 coil circuit, if it occurred outside of the magnet cold mass. It became
clear that the break did not occur outside of the cold mass. This was unlikely to be the
case, because of the length of unsupported superconductor between the cold mass
vacuum tight 4.2 K feed-through and the spreader that carried the LTS leads to the
bottom of the HTS leads was very short. The spreader, which is conduction cooled from
the cold mass helium tank formed a stiff support that should prevent motion of the
superconductor coming out of the 4.2 K feed-through.

The author of this note suspected that the conductor break in the M2 coil circuit was
the single piece of SSC inner superconductor that soldered into the 4.2 K vacuum tight
feed-through in the liquid helium tank. It was clear that the failure did not occur inside of
the feed-trough, because the feed-through didn’t leak after the M2 coil circuit failed.
When the cold mass was cut open, the lead failure could be seen. The wire used for the
SSC inner cable had failed at a point roughly half between the feed through and the point
where two pieces of the coil conductor connected to the feed-through conductor.



The conductor that failed is shown in Figure 3. The diameter of the conductor that
failed was 1.32 mm not the 0.80 mm diameter of the SSC inner conductor before it was
cabled. When the vendor told us that this conductor was SSC inner conductor we thought
it was the conductor used before it was cabled. The 0.8 mm diameter conductor can carry
about 600 A at 5 T and 4.2 K. The vendor used SSC inner conductor that was one or two
draws from its final dimension of 0.80 mm. The 1.32 mm diameter conductor used by
the vendor can carry at least 1200 A at 5 T and 4.2 K. At 275 A, at an induction of 1 T,
the critical temperature of this conductor is over 8 K. The failure was not caused by
excessive temperature in the cryostat. Poor heat transfer to the 5.1 K helium gas in the
top of the cryostat may have been a factor, but the gas temperature itself was not a factor.

1.3 mm ® wire

Figure 3. The Conductor that failed in the M2 Coil Circuit

1.3 mm ® wire

Figure 4. The Cold Mass Vacuum Tight Feed-through showing the Insulator (Liquid Helium) Side



Figure 4 shows the inside (the insulator side that is in liquid helium) of the vacuum
tight feed-through for the superconducting leads that go to the coils from the vacuum
space in the cryostat. Figure 5 below shows the outside (the vacuum side) of the feed-
through. The feed-through is a standard feed-through that has been modified by the
vendor so that the superconductor can pass through 3.18 mm diameter copper pins in the
feed-through. The spectrometer solenoid has two of these feed-through for the magnet
leads. One feed-through carries the 300 A cold current busses for coils M1 and M2. The
second feed-through carries two 300 A cold current busses for the three coil set (El,
center and E2) and the 60 A current busses that are used to power the correction coils that
are across coils E1 and E2.

1.3 mm ® wire

Figure 5. The Cold Mass Vacuum Tight Feed-through from the Vacuum Side

There is added superconductor soldered to both ends of thin wire that goes through
the pins of the feed-through. On both sides the conductor consists of a pair of 0.95 by
1.60 mm conductors. This is the same conductor that was wound into the coils. These
conductors have a copper to superconductor ratio of 4. Each conductor can carry at least
760 A at 5 T and 4.2 K. The SCC inner wire that goes through the feed-through pins has
a copper to superconductor ratio of 1.4. The added conductor on either side of the feed-
through provides mechanical support and added current carrying capacity. The
reinforced leads operate at a lower current density than the coil or the wire that goes
through the feed-through. Operation at a lower current density is key to making the
superconducting busses resistant to quenches that might be induced by small conductor
movements. The vendor didn’t extend the extra conductor all the way to the pins that go
through the feed-through. The vendor was afraid to melt the solder in the feed-through
pins. In addition, on the inside the vendor wanted added flexibility. This was probably
the mistake that caused the lead to fail.



The connection of the extra wires on the outside of the feed-through was different
than the connection of the wires on the inside of the feed-through. The unreinforced
section of wire on the outside ranged in length fro 15 to 20 mm. While the 15 to 20 mm
length of thin wire was unsupported mechanically, it was rigidly supported at each end.
The feed-through pins provided support at one end, and the other end was supported to
the conduction cooled spreader plate connected directly to the cold mass. Since the
unsupported length of wire is quite short there isn’t enough length to provide enough
force to cause the wires outside of the feed-through to move enough to quench. The
feed-through and spreader plate connections are shown in Figure 6.

Figure 6. The Spreader Plate for Magnet 2 and its Connection to the Cold Mass and Lead Feed-throughs
(The left feed-through has the leads for coils M1 and M2; the right feed-through has the leads for the three-
coil set (E1, center and E2) that produces the uniform field for the MICE trackers.)

The reinforced leads (two standard conductors plus the SSC inner wire) that are
inside of the feed-through have a much longer unsupported section (300 to 350 mm).
Much of the unsupported section goes in the direction of the magnetic field. This section
of the unreinforced single wire lead is also longer (50 to 70 mm). The combination of a
longer unsupported length and unreinforced length allowed the leads to be connected to
the feed-through and the feed-through to be made up. It is likely that the extra flexibility
allowed the bare SSC inner wire to move fast enough so that a short section of the wire
could turn normal due to conductor motion in the magnetic field. When the feed-through
was assembled, the LTS conductors that were connected to the feed-through appeared to
be stiff enough that they would not move. If the leads moved enough in the magnetic
field and the lead MPZ length is short, a quench in the wire could occur. It is unlikely
that this quench would propagate into the coil to cause the coil to quench.



Adiabatic MPZ Length for Various Leads inside the Cold Mass

The concept of having a minimum propagation zone MPZ length was first presented
in the 1970’s [12], [13]. The MPZ length is the length at which a quench propagates. If
the section of the conductor that is normal is less than the MPZ length, the heat will be
conducted away along the conductor faster than it is generated by I’'R heating within the
section that is normal. The definition of the adiabatic MPZ length is the MPZ length
where heat transfer only occurs along the wire at the normal zone ends. If there is
transverse heat transfer, (in other directions besides along the wire) the MPZ length is
longer. Wilson uses the concept of MPZ length to illustrate why wires made with pure
superconductor (with little or no copper) quench easily [14]. This phenomenon was
certainly observed in the early magnets built using type II superconductors. The addition
of copper to a conductor greatly increased the MPZ length and the energy needed to
cause the conductor to quench. The copper also dampens magnetic flux change [15].

If a section of superconducting wire becomes normal, heat will be generated in the
conductor. This heat travels along the conductor and is conducted away at the ends of the
normal zone. The heat generated is proportional to the length of the normal zone L, the
across section area A, and the normal metal resistivity p. The heat conducted away from
the normal zone is proportional to the product of the thermal conductivity k and the
cross-section area A, and it is inversely proportional to the L. The heat balance equation
given by Wilson [14] is as follows;

AT ooy )

where T, is the conductor critical temperature and T, is the operating temperature of the
conductor. The normal zone length is L. If the normal region length L is shorter than
some critical value, the left side of the equation will always be larger than the right side
of the equation. This means that more heat is being taken away than is generated, so the
normal region will shrink. If the length is larger than the critical value, the heat generated
is greater than the heat conducted away. This means that the normal region will grow,
hence the process of quenching will propagate along the wire.

The critical length is defined as the minimum propagation zone length L,,,,. The
MPZ length is defined as follows;

2k(T. -T)]"

Lypz = [#] -2-

If a disturbance causes a length of conductor longer than L, to turn normal, the
normal region will propagate along the wire. If a disturbance causes a length the
conductor shorter than L, to turn normal, this normal region will not propagate. The
conductor will return to the superconducting state. For a conductor made of pure
niobium titanium at 5 T,J, =25 x10° Am™>, p=65x 10" Qm,and k =0.16 Wm' K.
The conductor T, = 6.5 K and the operating temperature T, = 4.2 K. For pure niobium
titanium, the minimum propagation zone length is 0.425 um, which explains why early
superconducting magnets were so unstable. Adding copper to the conductor reduced the
I. and T, but it greatly increased the k/p, which increases the conductor MPZ length.
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The MPZ length equation can be applied to modern composite conductors with a
matrix material (pure Cu or pure Al) and superconductor. When one applies Equation 2
to composite conductors, the current and heat are assumed to be carried by the matrix
material. Thus the effective values of k and J are given as follows;

r
k., =k,——,and -3a-
M

I r+1
J,=——, -3b-
A

c

where r is the matrix to superconductor ratio, I is the conductor current and A, is the
conductor cross-section area.

One can estimate the thermal conductivity k of a metal if one knows its electrical
resistivity p using the Wiedeman and Franz equation given below;

kpo=L,T -4-

where L, is the Lorenz number (L, = 2.45 x 10®* W Q K?) and T is temperature. If one
assumes that p is constant at low temperatures (say <15 K), one can get a simple equation
for the MPZ length for a composite conductor that is only a function of J;, r, py, T, and
T,. The minimum propagations zone length equation for a composite conductor takes the
following form;

0.5

L0<T3—Tf)( r ) 5
Jypy) \r+1) |’

MPZ

where J, = I/A,, and p,, is the matrix material resistivity. If one wants to have a long
MPZ length, one must have a low resistivity matrix material, a large value of r and a low
current density J,, across the conductor cross-section. The pure-aluminum stabilized
conductors for detector magnet have very long MPZ lengths, because J; and p,, are both
low. (A typical detector magnet has J,, = ~10” A m?; py, = ~10"" Q m; and r = 100. The
MPZ length for such a conductor is ~4.3 meters.) Conductors with large MPZ lengths
require much higher energies to induce a quench.

The energy needed to induce a quench can be estimated using the following
expression;

QF =L,,,AAH, -6-

where QE is the quench energy and AH = C(T.-T,) with C the volume specific heat. If
one applies Equation 6 to pure Nb-Ti conductor with A, = 10° m* and AH = 6 x 10* J m”,
one calculates a quench energy of 2.02 x 10° J. By comparison, the quench energy for a
composite conductor can be from three to ten orders of magnitude higher depending on
the overall conductor current density J,, and the resistivity of the matrix material p,,.
The quench initiation energy is lower for superconductors with a low normal metal to
superconductor ratio r. The importance having a lot of low resistivity matrix material in a
superconductor cannot be overstated.
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Table 2. compares the lead MPZ length for five cases at a current of 275 A (the
design current for the spectrometer solenoid). The quench initiation energy at 275 A is
also compared for the same cases. The five conductor cases are as follows:

Case 0: This is the SSC Inner Conductor 0.8 mm in diameter, r = 1.4. This is the
case that we thought applied to magnets 1,2A and 2B. It did not apply.

Case 1: This is the SSC Inner Conductor 1.32 mm in diameter, r = 1.4. This case
applied in Magnets 1, 2A and 2B. This case will not apply magnets that are
refurbished because the bare conductor will be clad (Case 2, 3, and 4).

Case 2: This case is the wire used in Case 1 plus two conductors that are 0.95 by
1.60 mm, r = 4.0. This case applied inside and outside of the cold mass in
Magnets 2A and 2B. The case will apply outside for the refurbished
magnets as well.

Case 3: This case is the wire in Case 1 plus the 3.18 mm copper pin of the feed-
through. This case applies for both the old and the refurbished magnets.

Case 4: This case is the wires for case 2 that is clad with copper to form a
conductor that has a cross-section that is 4.17 mm by 4.76 mm. This case
will apply inside the cold mass for all of the refurbished magnets.

Table 2. Lead Section Cross-section Area, Lead Current Density, Lead Copper to Superconductor Ratio r,
Minimum Propagation Zone Length, and Quench Initiation Energy at a Current of 275 A

CASE e A r | @)
0 0502 | 550x 10° 1.40 33 0.092
1 1.368 202 x 10® 1.40 ~9.2 0.251
2 4338 6.34 x 10’ 3.74 ~46 2.82
3 7917 | 347x10 13.9 ~160 147
4 19706 | 139x 107 338 420 89.4

The length of the adiabatic minimum propagation zone (with no transverse heat
transfer) must be considered an approximation. Heat transfer in the transverse direction
will lengthen the MPZ length. The effect of transverse heat transfer on the five cases will
be discussed later. Inside of the helium vessel, transverse heat transfer to the helium will
come into play. In the vacuum space transverse heat transfer plays no role. In the
spreader transverse heat transfer will be used to cool the conductor that is firmly clamped
and glued into the spreader. It is important to note that the MPZ is short for the single
strands of SSC inner conductor. In both cases the MPZ length is less than a centimeter.
This means that if the 1-centimeter of conductor turns normal, the quench will propagate.
The energy needed to initiate a quench in the SSC inner conductor is quite low from 0.09
to 0.25 mJ. A quench energy of 0.25 mJ is equivalent to the kinetic energy of a pin with
amass of 0.1 grams falling a distance of 0.25 m.
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Adiabatic Burn-out Time and Solder Melt time for Various Leads

The equation for calculating the time that a lead will burn out is exactly the same
equation that is used to calculate the hot-spot temperature during a quench. The time for
a conductor to melt is of the properties of the conductor and the current density.

The limit for a burn out for the a conductor (conventional or superconducting) is
derived from the following equation [16];

oF ., 136 [ SF
—=j +——|ap—|. -7-
oTr p Oox ox
where F is defined as follows
F(T)= "Car 84
°p

where C is the volume specific heat and p is the metal resistivity. o the thermal
diffusivity is;
k

o=— -8b-
C

Equation 2 is non-linear and hence it is difficult to solve in a meaningful way. There
are three distinct regions. The first region is a region where the thermal diffusivity is
low. When the thermally diffusivity is neglected, equation 2 takes the following form;

oF

e -9-

dt /

This equation can be used to calculate the burnout condition for a lead. It
application has been used for superconducting magnets since the early 1970’s [17], [18].
Redefining this equation 9 allows one to define the melt time t if one knows the melt
temperature T

melt >

melt*

vali lumlz
F*@T)= [ €D yp 1 [ jar -10-
o P(T) r %

If one assumes that the current density is a constant value J,,, one can derive the
following equation for the burnout time for the lead;

_ F*(Tmelt) r —11-

melt — 2
Jy r+1

Figure 7 shows F*(T) as a function of temperature T and the matrix material RRR.
Figure 7 shows this for both matrix and aluminum matrix conductors. The lower values
of F*(T) for aluminum conductors reflect the lower values of volume specific heat and
higher resistivity for the matrix for a given RRR.
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Figure 7. Hot Spot Temperature T versus F*(T) for Copper and Aluminum with Various RRR Values

Since all of the leads are made with a copper matrix. The melt temperature for the
matrix material is 1350 K. The melt temperature for the niobium-titanium is much
higher. However, when the copper melts, the current is transferred to the niobium-
titanium, which has a low value of F* for a given temperature. The niobium-titanium
will melt quickly once the copper is melted. The melting point of the solder is 570 K.
For RRR = 100 copper, F* for the melting point of copper is 2.2 x 107 A> m*s. For
RRR = 100 copper, the F* for the melting of the solder is 1.7 x 10"” A> m™s. Table 3
shows the value of J;, r/(r+1), the melt time for the copper, and melt time for the solder.

Table 3. Lead Section Cross-section Area, Lead Current Density, r/(r+1),
Copper Melt time, and the Melt Time for the Solder at a Current of 275 A

CASE ( n?nclz) (AJII\:l 5 r/(r+1) Cu M?sl; Time | Solder ltgflt Time
0 0.502 5.50 x 10° 0.583 ~0.58 ~0.45
1 1.368 202 x 10 0.583 ~4 4 ~3.4
2 4.338 6.34 x 10’ 0.789 ~43 ~33
3 7917 347 x 10’ 0.932 ~170 ~130
4 19.706 1.39 x 10’ 0.971 ~1110 ~850
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From Table 3, it is clear that time to melt the copper is about 30 percent longer than
the time that it takes to melt the solder in contact with the copper despite the fact that the
melting temperature of copper is over 2.3 times the melting point of solder. The reason
for this is that C/p goes down as the temperature increases.

The melt times given in Table 3 apply for RRR = 100 copper with no transverse heat
transfer from the melting section. At the hot spot, the value of dT/dx approaches zero.
The transverse heat transfer is not zero, so transverse heat transfer increases the melt
time. Another factor is the copper RRR. The RRR of copper in the superconductor used
in the magnet is 70. The RRR of the copper in the SSC inner conductor is unknown, but
it is probably of the order of 100. The RRR of the copper pins in the feed-through is
unknown as is the RRR of the cladding copper. Finally, the melt times at 258 A is longer
than the melt times for 275 A. From Equation 11, the melt time for a lead carrying 258 A
is about 14 percent longer than it is for 275 A. For all of the reasons given above, the
calculated melt times shown in Table 3 must be regarded as approximate.

It is interesting to note that there was no melting of the solder in the feed-through for
the lead that melted. If one looks at Table 3, the explanation for this is clear. One can
see in Table 3 that the melt time for the SSC inner wire (Case 1) is much shorter than the
melt time for the solder in the feed-through (see Case 3). The normal region in the SSC
inner wire propagates rapidly to the cladding conductor (Case 2) and the feed-through
copper (Case 3). In both cases, the melt time for the SSC inner copper is a lot shorter
than the time to melt the solder. The quench continues to propagate in the clad section
and in the feed-through, but the rate of propagation is much slower. Quench propagation
along the wire will be discussed later in this report. ~ Another factor that should be
considered is the effect of transverse heat transfer within the helium vessel. Transverse
heat transfer and cryogenic stability will be discussed in the next three sections.

The effect of Transverse Heat Transfer on MPZ Length

In order to see what the effect of transverse heat transfer one must go back to
Equation 2 and add term for the transverse heat transfer as is shown below;

-12-
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where Q; is the transverse heat transfer. As Q; approaches j*p, the minimum propagation
length L,;;, approaches infinity. This means that if the conductor is cryogenically stable
the quench wont propagate because the MPZ length is infinite.

When one looks at effect of small amounts of transverse heat transfer the effect is
also clear. When Q; < I’R, the following expression can be derived for Ly,;

0.5

b
I’'R-0Q,

MPZ

L,(T? - Tj)( r )3

0.5
, when Q, < I’R. -13-
(Jy o) \r+l ] Q

From Equation 13 one sees that if Q; is half of I’R, L,;, increases just over forty percent.
If Q, is ten percent of I’'R, Ly, increases about five percent.
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The Transverse Heat Transfer Coefficient needed for Cryogenic Stability

Depending on the transverse heat exchange, a conductor can be cryogenically stable
or unstable. The other criterion is that the temperature of the conductor must be less than
the critical temperature T, in order for the normal region to shrink. The concept of
cryogenic stability was dates from 1965 [19]. The topic of cryogenic stability is well
covered by Wilson [20] and for some types of magnets by Green [21].

The concept of cryogenic stability is very simple in that all that is required for
cryogenic stability is that the ability to transfer heat from the conductor to the helium be
greater than heat generation within the conductor, and the conductor temperature must be
less that the superconductor critical temperature T.. Cryogenic stability can be stated
using the following expression;

hLP,(T, -1,
a=——""7"3
szL(r+1)

A, r
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where a is the stability factor; L the length of the normal zone; P,, is the wetted perimeter
of the conductor; h, is the conductor surface convection heat transfer coefficient; T, is the
critical temperature; T, is the operating temperature; I is the operating current; p,, is the
matrix material resistivity; A, is the conductor cross-section area; and r is the copper to
superconductor ratio for the conductor. For cryogenic stability o must be greater than 1.
The conductor is unstable when ais less than 1. At o equal 1, the conductor is
considered to be stable, but borders on being unstable. (In this case the MPZ length is
quite long. The ramifications of this are discussed by Wilson [20].

The stability equation given above can be normalized using J,, and by dividing out
the terms. The stability equation takes the following form;

a=h(.P¥(TC—T0)( r ) -15-
JupyA., \r+l

The lower limit for heat transfer per unit area h AT for stability (o. > 1), given in (W m™)
can be estimated by using the following analytical expression;

2
(2) =hAT=h(T.-T) =M(r_+1) -16-
A P r

w

For cryogenic stability heat transfer per unit area to the helium h AT must be greater than
shown in Equation 16. In addition, the temperature of the conductor must be less than T..
To reduce the h AT, one must increase the wetted perimeter P, and decrease J,; and py,.
Increasing the copper to superconductor ratio r also helps reduce the heat transfer per unit
area to the helium. For stability with convection heat transfer to the helium, the value of
the heat transfer coefficient h, must be;

> J/@pMAC (r+1) —17‘
© P -T)\ r
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The leads inside the cold mass helium tank that connect the feed-through to the
magnet and its quench protection diodes operate in either liquid helium or helium gas,
depending on the cryostat liquid level. The heat transfer from the leads to the helium
must be calculated for both cases. Equation 16 is the stability equation that should be
used when the leads are in liquid helium. Equation 17 is the stability equation that
should be used when cryostat liquid level is low, and the leads are in helium gas.

a) Boiling Heat Transfer to Liquid Helium from the Lead
Heat transfer from the conductor surface to helium gas is through either nucleate
boiling or film boiling. The maximum nucleate boiling heat flux per unit area (Q/A),,
and the temperature drop from the boiling surface (AT),, to the bath can be estimated by
using the following analytical expressions [22];

[%] =0.016/,,0°[0g(p, - p,] . -18a-

np

and

T

b
AT, =0.5[1-ﬂ] T -18b-

cr?

cr

where hy, is the heat of vaporization of the fluid; o is the fluid surface tension; g is the
acceleration of gravity; p, is the liquid density; and p, is the vapor density. The exponent
coefficient b comes from the fitting equation. For a monatomic gas like helium b is ~1
and for a diatomic gas like hydrogen, nitrogen or oxygen b is ~1.5. For helium, the
measured maximum (Q/A),, is ~8000 W m™ and maximum AT, is ~0.8 K.

The measured (Q/A),, is dependent on a number of factors including the orientation
of the surface and the space between the conductor and an adjacent surface [23] to [25].
The peak nucleate boiling flux for helium is rarely >8000 W m™. This value applies for a
surface in a large liquid volume facing upwards. If the surface is a vertical surface in a
large bath (Q/A),, is reduced to 5000 W m™. For a surface facing downward in a large
bath (Q/A),, can be in the range from 1500 to 2000 W m™. A surface that is close to
another surface can have a (Q/A),, in the range of 2000 to 3000 W m™ even when the
surface is facing in a favorable direction. For a round or square conductor sitting in a
helium bath, the design (Q/A),, should not be over 2000 W m™ using nucleate boiling.

When the surface heat flux is too large for nucleate boiling, the surface is covered
with a film of gas. This is called film boiling [25] [26]. The temperature of the surface
can jump as much as 12 K in helium. If the break in nucleate boiling is at 2000 W m?,
the temperature drop is ~3 K. Film boiling cooling for the lead conductor is not an option
because the temperature of the conductor is above the T, of the superconductor.

If the heat transfer per unit area from the lead surface is >5000 W m?, the lead is
unlikely to be cryogenically stable. If the heat transfer per unit area from the lead surface
is from 2000 to 5000 W m~, the lead might be stable depending on lead orientation and
closeness to other leads and surfaces. If the heat transfer per unit area for the lead surface
is less than 2000 W m™ the lead is cryogenically stable unless there is a temperature drop
of more than 2.5 K in the insulation around the lead.
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The (Q/A)s is calculated for all of the cases using Equation 16. Table 4 shows which
boiling regime the boiling heat transfer is in. Assuming a bath temperature of 4.2 K, the
estimated surface temperature of the conductor is given in Table 4. The approximate heat
transfer coefficient for film boiling in helium is ~670 W m™> K™ [27], [28].

Table 4. The Cross-section Area, Wetted Perimeter, r, Matrix Current Density, Heat Flow per Unit Area,
Boiling Type and the Conductor Surface Temperature for Un-insulated Conductor at 275 A

Ac Py (r+1)/ Jm Q/A - Surface T
CASE (mm?) (mm) v (A m?) (W m") Boiling Type (K)
0 050 | 251 | 171 | 550x10° | 22700 - 38.1
Unstable
8 Transition ~12f
1 137 | 415 | 171 | 202x10° | 5070 |y RV b | ~49m
> | 434 | 700 | 127 | 634x10" | 690 Nz 46
Stable
3 | 792 | 1000 | 107 | 347x10" | 150 Nucleate 44
Stable
4 1971 | 1786 | 103 | 139x 10 33 Nucleate 43
Stable

Case 0O clearly isn’t stable at 275 A. In order for case O to be stable the lead current
must be reduced to about 80 A. It is unlikely that case 1 is stable for a long period of
time. From the temperatures given in Table 4, case 1 is stable in nucleate boiling and
unstable in film boiling. The transverse heat transfer from the conductor in case 1 has
the effect of lengthening the MPZ length. It is quite possible that case 1 is stable in liquid
helium, depending on lead orientation. Case 1 is clearly stable at a current of ~175 A.
When the conductor is covered with liquid helium, cases 2, 3, and 4 are clearly stable.

b) Natural Convection Heat Transfer to Helium Gas from the Lead

Cooling with helium gas is a process of natural convection heat transfer to the gas.
When natural convection cooling is compared to film boiling with large temperature
differences, the natural convection heat transfer coefficient for hydrogen is ten percent of
the film boiling heat transfer coefficient [27]. For helium the natural convection heat
transfer coefficient is about two percent of the film boiling heat transfer coefficient [28].
The film boiling heat transfer coefficient for helium is twice that of hydrogen. At
temperatures near the boiling point of helium, the heat transfer coefficient for helium may
be quite a bit higher, because near its boiling point helium gas is more buoyant and the
gas viscosity is lower [29].

One can calculate and estimated value for the heat transfer coefficient for free
convection heat transfer using the following expression [30];

2

0.387Ra™"| k_
[1 0.492] D,

Pr0.563

h, ={0.825+ -19-
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where k is the thermal conductivity of the fluid, D, is the diameter of the conductor. The
Rayleigh number Ra = Gr Pr. Pr is the Prandtl number, and Gr is the Grashof number.
The Prandtl number and the Grashof number are defined as follows;

uc,

Pr= and -20a-

gB(T. -T)p;D;
= 2

u

Gr -20b-

where w is the fluid viscosity, C, is the fluid specific heat at constant pressure; k is the
fluid thermal conductivity. The acceleration of gravity is g (g = 9.8 m s?); B is the
buoyancy factor (for gasses § = 1/T); and p, is the fluid density. T, is the superconductor
critical temperature and T, is the operating temperature (close to the helium bath
temperature). The fluid properties are taken at T, because the insulation on the conductor
is close to that temperature. For helium at 4.5 K the gas has the following properties:

= 1367x10°Pas
11220 T kg K
0.101 Wm' K"
p, = 22.12kgm’

p

~ Q=
I

As a result the calculated Dimensionless numbers are;

Pr = 1460,
Gr 8.53x 10" D,’, and
Ra = 125x 10°D,’.

Using the values given above and D, = (4A//m)*’, one can calculate the free
convection heat transfer coefficient and the estimated wire surface temperature for the
lead wires in helium gas at 4.2 K for the five cases. Table 5 shows the results of the
calculation with no organic insulation on the wire.

Table 5. Lead Effective Diameter, Lead Current Density, heat Transfer Coefficient, and the
Lead Surface Temperature at a Current of 275 A for Un-insulated Conductor

CASE (n]1)1:1) ( AJrl\rdl 2) (W n?cz K Sur(t;ge T Remarks
0 0.80 5.50 x 10® 532 >47 Unstable
1 1.32 202 x 10 441 ~16 Unstable
2 2.35 6.34 x 10’ 369 ~6.1 Stable in 5.7 K gas
3 3.18 347 x 107 340 ~4.6 Stable in 7.2 K gas
4 501 1.39 x 10’ 303 ~43 Stable in 7.5 K gas
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Table 5 shows that cases 2, 3 and 4 are stable in helium gas at 4.2 K. Cases 0 and 1
are not stable because the wire temperature is above the superconductor T,. Case 2 is
stable when the wire is covered by liquid helium, but it is not stable when the wire is in
gas at T > 5.7 K. The cold mass should be kept full of liquid helium, even though the
wires for case 2 are well supported and are unlikely to move in the magnetic field. The
next section shows the effect of the wire insulation on both boiling heat transfer to liquid
helium and free convection heat transfer to the helium gas.

The Effect of Lead Insulation on the Transverse Heat Transfer

Insulation has two effects on the heat transfer from the conductor. Insulation
increases the wire’s wetted perimeter. The heat generated in the wire does not change
when it is insulated, but the heat transfer to the fluid per unit area goes down. The down
side of adding insulation to the wire is that it reduces the effective U factor for heat
transfer from the wire. As a result, the wire temperature usually goes up. If there is
plenty of temperature margin in the superconductor, this may not a problem.

In order to calculate the U factor for the convective heat transfer plus the electrical
insulation, one can use the following expression [31];

l i+£ 21-
U h Tk

l

where U is the heat exchange U factor, h, is the heat transfer coefficient of the fluid; t; is
the thickness of the insulation; and k; is the thermal conductivity of the insulation.
Electrical insulation at 4.2 K has a low thermal conductivity (about 0.1 W m' K"), but
the thickness of the insulation t; is about 0.1 mm. These values were used to calculate the
U factor for the problem.

Calculation of an effective heat transfer for nucleate boiling is difficult because the
temperature drop AT, from the heated wall to the boiling fluid is proportional to the
boiling heat flux (Q/A), to the 2.5 power [32]. To calculate the boiling heat transfer
coefficient hy (in place of h, in Equation 21), the author used the following expression;

[2),

h, =——7""= -22-
(AT),

where the nucleate boiling temperature drop AT, can be calculated using the following

expression when the boiling heat flux (Q/A),, (Q/A),,, and AT, are known;

np?

04

23

(AT), = %4), (AT)

(%)

where (Q/A),, and AT, are defined by Equations 18a and 18b. h, for helium film
boiling is 670 W m™ K™'. For nucleate boiling h, can be as high as 10000 W m” K. The
insulation can greatly reduce the U factor when boiling is involved in the process.

np?

np
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Tables 6 and 7 show the performances of the five cases when the conductor is
covered by electrical insulation 0.1 mm thick. From Tables 6 and 7, one can see that the
transverse heat transfer per unit area is reduced because the insulation increases the
wetted perimeter for heat transfer. Table 6 shows the boiling heat transfer coefficient h,,
the U factor and surface temperature Ty, for the cases. A temperature that is follow by an
n indicates nucleate boiling. A temperature followed by an f indicates film boiling.
Cases 2, 3 and 4 (the stable cases) in Table 6 are all in the nucleate boiling region.
Cooling of conductor covered with insulation using cold helium gas is shown in Table 7.
The convective heat transfer coefficient h., the U factor with insulation, and the
conductor temperature are shown in Table 7.

Table 6. The Wetted Perimeter, Surface Heat flux, Boiling Temperature Drop, Boiling heat Transfer
Coefficient h,, U Factor, and the Conductor Surface Temperature Ty, for the Five Cases at 275 A

Py Q/A AT, h, U Surface T

CASE | 'im) | (Wm?) K) | Am2K"Y | (Wm2K?) (K) Remarks

0 3.14 | 18150 | ~27 670 f 400 £ >50 f Unstable
670 f 400 f ~152f

1 4.78 4400 | 0.63 2000 1 e e Unstable
2 7.80 620 0.28 2210 n 690 n ~5.1n Stable
3 01.61 141 0.16 880 n 470 n ~4.5n Stable
4 18.66 32 0.08 440 n 306 n ~43 1 Stable

Table 7. The Wetted Perimeter, Surface Heat flux per unit Area, , Free Convection heat Transfer
Coefficient h,, U Factor, and the Conductor Surface Temperature Ty, for the Five Cases at 275 A

CASE (rllirvzl) (V(V) /Iﬁ-z) (A n?z KY) | W n‘?z K" S“r(fﬁﬁe ! Remarks
0 3.14 | 18150 497 332 >60 Unstable
1 478 | 4400 423 297 >20 Unstable
2 7.80 620 360 265 ~6.7 Stable in 5.1 K gas
3 | 0161 141 334 250 ~4.8 Stable in 7 K gas
4 18.66 32 299 230 ~43 | Stable in 7.5 K gas

With 0.1 mm of insulation on the wire, Cases 0 and 1 are always unstable. Cases 2,
3, and 4 are always stable in liquid helium. In helium gas, Case 2 is stable in gas up to a
(Case 2 should be in liquid helium.) Cases 3 and 4 are always stable at any
temperature in the helium gas at which the spectrometer solenoid can operate.

~5.1 K.
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It is worth talking about cooling outside of the cold mass helium vessel. There is no
cooling except cooling that is by thermal conduction. The conductor in the feed-through
is conductively cooled. The 1.32 mm diameter wire that comes through the feed-through
is not cooled except at the ends. This wire is well supported and less than a MPZ length.

The lead wires that are in the spreader shown in Figure 6 have at least the same
cross-section as case 2. There may well be more copper on those wires than is shown for
Case 2. The lead wires are glued and clamped to the spreader plate, which are thermally
connected to the helium tank. If the helium tank has any liquid in it, the tank should be
colder than the gas that might collect at the top of the tank. Heat transfer from the wires
to the tank is through an aluminum slab that is welded directly to the tank. Heat is
conducted through insulation. The minimum perimeter for this connection is ~2 mm
wide. This is not the perfect situation from cryogenic stability standpoint. The wires are
rigidly glued and physically clamped to the aluminum spreader plate. It would be better
of the wires were cooled on both sides by two aluminum spreader plates. The field in the
spreader plate is low. There is a very low probability of conductor motion in the wires
attached to the spreader plate.

Table 8 shows the heat transfer perimeter P, the heat flow per unit area across the
insulation, the U factor based on 0.1 mm of insulation and the temperature of the
conductor should it turn fully normal. Table 8 applies for cases 2 and 4 with heat being
transferred across one of the four surfaces (the largest of the four surfaces). If the lead
conductor is cooled on two surfaces, the AT is reduced by a factor of two.

Table 8. The Heat Transfer Perimeter, the Surface Heat flux per unit Area, , the U Factor, the AT across
the Insulation, and the Surface Temperature Ty, for Cases 2,3 and 4 at 275 A

Py Q/A U AT Surface T
CASE (mm) (Wm?) | (Wm2KY (K) (K) Remarks
2 1.90 2500 1000 ~2.5 ~6.7 Stable to 54 K
3 10.00 690 1000 ~0.7 ~4.9 Stable to 7.2 K
4 4.76 125 1000 ~0.13 ~4.33 Stable to 7.8 K

From Table 8 it is clear that case 2 is stable until the spreader temperature reaches
5.4 K. If the insulation thickness were doubled, this case would be unstable. Case 3 is
stable for an insulation thickness of 0.1 mm or 0.2 mm. The insulation for case 3 is
ceramic so its thermal conductivity should be larger. Case 4 is stable to any temperature
the magnet can operate. This stability remains even if the insulation thickness is doubled.
If the conductor in cases 2 and 4 is cooled from both sides, both of these cases are stable.
It is clear the spreader insulation must be thin and cooling two sides of the conductor is
better than cooling only one side.

The cold end of HTS leads is thermally tied to the helium tank. As a result, no heat
conducted down the LTS superconducting lead from the 64 K (the maximum design
upper end temperature for the HTS leads) gets into the spreader plate from the LTS leads
cooled by the plate. When the HTS lead failed in magnet 2A, there was no evidence of
over heating of any of the wires connected to the spreader plate.
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Adiabatic Quench Propagation Velocity along the Leads

The final design consideration is the quench propagation velocity should a normal
region (larger than a MPZ length) develop in the lead. In a sense this is a measure of the
lead’s ability to take the quench into the magnet. The quench propagation velocity
calculated for magnet quenches is the adiabatic quench propagation velocity, which
ignores heat transfer in the transverse direction. Transverse heat transfer affects quench
propagation in the same way that it affects the MPZ length.

The calculation of the normal region velocity along the wire uses the same equation
as is used to calculate the burn out of a conductor. (See Equation 7, 8a and 8b.) Instead
of taking the first region (used for the burn out calculations) we take the second region
that is dominated by heat transfer. In this region the conductor is not superconducting
and electrical resistivity p is constant. As a result, the thermal conductivity is
proportional to temperature. (See Equation 4 with p a constant.) The specific heat is
small and it is proportional to T", where n is between 2 and 3. Within this region,
Equation 7 takes the following form [18], [33];

Rl il 24-
J ox

oF 5[ 6F]
oT ox

where F and a are defined by Equations 8a and 8b; and j is the current density in the wire.
Equation 24 takes the form that is similar to the wave equation. From this equation a
quench velocity can be derived.

The velocity of normal region propagation can be found in equations 24. The
solution takes the following general form [34];

. pnanc
V<L J|———
J[hnc - hnu
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; 25-

where p, is the resistivity of the normal metal; o, is the thermal diffusivity of the normal
metal at the superconductor critical temperature. (h,. — h,,) is the enthalpy change per
unit volume from the operating temperature T, to T.. The resistivity the thermal
conductivity portion of o can be normalized by the factor (r+1)/r and the Wiedeman and
Franz equation can be used create an equation that takes the following form;

LT 05
ye<jl— e | 26-
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From equation 26 it is clear that the normal metal thermal conductivity, normal metal
electrical resistivity, and r have almost no effect on normal region propagation velocity.
When LBL fit equation 26 to measured data from the late 1970’s, the following
expression was obtained;

0.5
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Equation 27 is dependent only on the current density in the conductor cross-section j
and the magnetic induction B the conductor sees. The dependence on matrix current
density is about j' at low current densities. At high current densities where transverse
heat exchange can be neglected, the matrix current density dependence is more like j* as
observed by Scherer and Turowski [35]. At current densities in the range of the MICE
magnets, the dependence is more like j"*°. This dependence can be used over arrange of
current densities from 1 x 10° to 4 x 10* A m”. The fitting equation derived from LBL

and other measured data within a potted coil takes the following form [36];

0.62

v =(5.7x10"")[1+B] " J,”. -28-
Equation 28 is dependent only on B and J;. Equation 28 has also been used X. L Gou et
al for the quench protection calculations on all of the MICE magnets [37], [38], and [39].
Table 9 shows the calculated adiabatic quench velocities for conductor cases O
through 4. The magnetic field assumed was 0.5 T. The values of J; are given in Table 9.
The last column in Table 9 is a remarks column that says whether or not the quench
propagation will occur or not. In the cases that are cryogenically stable, the actual

quench propagation velocities will be zero up to a certain liquid or gas temperature.

Table 9. Lead Section Cross-section Area, Lead Current Density, the adiabatic Quench Velocity, and the
Estimated Quench Velocity at a Current of 275 A and a Magnetic Induction of 0.5 T

Ac Ju Adiabatic V | Estimated V
CASE (mm?) (A m?) (m s%) (m s%) Remarks
0 0.502 | 5.50x 10® 194 ~18.7 Always Unstable
1 1368 | 2.02x 10 3.71 .N3'34 Always Unstable
in Gas
7 Stable to 5.1 K in Gas
2 4338 | 634x10 0.55 0 Always Stable in Liquid
7 Stable to 7 K in Gas
3 7917 | 347x 10 0.20 0 Always stable in Liquid
4 19.706 | 1.39x 10’ 0.045 -0- Always Stable

The adiabatic and real quench propagation velocities are different because there is
transverse heat flow from the wire to the surrounding liquid or gas. If half of the heat
produced is removed in the transverse direction, the velocity goes down by a factor of
1.4. If all of the heat can be removed by heat transfer in the transverse direction the real
quench propagation velocity is zero and the MPZ length is infinite. Table 9 reflects the
heat transfer shown in Tables 6,7 and 8. Cases 3 and 4 are stable at any temperature that
the spectrometer solenoid can operate. Case 2 is stable to temperatures of 5.1 K to 6.7 K
depending on the case. It appears that case 2 is more stable in the spreader section than it
is in a tank with helium gas. Case 2 is always stable in liquid helium. This suggests that
the tank should be kept full of liquid helium when the magnet is running.
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Changes made on the Magnet Leads and their Effect on Stability

When the magnet cold mass was opened up, a section of the cryostat wall was
removed permitting one to uncover the quench by-pass resistors and the region next to
the feed-throughs. This also provided an opportunity to look at the lead wiring from the
magnet coils to the feed-throughs. Because the vendor had good access to the bottom of
the feed-through, the wires could be connected to the feed-through in a different way,
which eliminated the slack in the leads that permitted the bare 1.32 mm diameter lead
near the feed through to move.

It was clear to the vendor that the wire the failed was a high current density lead that
could be subject to motion due to magnetic forces on a much longer section of wire that
was not properly supported. Cladding was added to the wire passing through the pin of
the feed-through. The copper cladding was soldered to the feed-through pin wire right up
to the feed-through pin on both sides. The copper cladding is installed around feed-
through wire and two pieces of standard wire (case 2). The clad section is case 4 in table
2 through 9. The copper cladding was mechanically supported by wrapping the section
with copper wire and solder. The mechanical support effectively increases the cross-
section even more than is shown in case 4.

There was no section of bare wire between the feed-through pin and the clad wire.
The feed-through pin makes the 1.32 mm diameter SSC inner wire stable (see case 3 in
tables 2 through 9). The cladding provides extra stiffness and resistance to conductor
motion in the magnetic field. The clad wire has added support to the magnet to resist
conductor movement, thus preventing a normal region of any length from forming.
Figure 8 shows the repaired feed-through with a pair of MICE conductors connected to
the wire coming through the pin (case 2). About 50 mm below the pin the thicker clad
section starts (case 4).

Figure 8. A Photo of the Repaired Conductor Section at location close to the Feed-through Pin
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Figure 9. The Repaired Section showing the Clad Wire (case 4), which is soldered to the MICE
Conductor Pair (case 2). (The clad section increases the stiffness of the lead going to the magnet.)

Other Issues found when the Magnet was taken apart

When the cold mass for magnet two was disassembled, another problem was
encountered. The G-10 insulation between the quench resistors protection resistors and
the cold mass cover plate in the helium space was badly burned, where the insulation was
next to six of the nine resistors. The overheated 0.02-ohm stainless resistors that were
warped and discolored must have been quite hot. Figure 10 shows the burned insulation
above five of the overheated resistors. The sixth (at the left end) warped downward so
that it didn’t touch the insulation. The other three resistors where there was no burning of
the G-10 insulation appear that they had never carried enough current to overheat. The
numbers that had been put on the three unburned resistors using a felt tip pen were still
on the resistors. The six burned resistors had the numbers burned off of them.

Figure 11 shows the magnet quench protection resistors after they were installed into
magnet two. If one looks at figure 11, one see that there are nine 0.02-ohm resistors and
six pairs of back-to-back diodes. The magnet has three separate 300 circuits; a circuit for
coil M1, a circuit for coil M2, and a circuit for the three-coil set (coils E1, Center, and
E2). Circuits for coils E1 and E2 have a pair of back-to-back diodes and a 0.02-ohm
resistor is series with the dipole. The three-coil set has four pairs of back-to-back diodes
that are each in series with a 0.02-ohm resistor. Coil E1 and E1 have one resistor. The
center coil has a center tap and two resistors and two pairs of diodes across them.
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Figure 10. Burning of the G-10 Insulation between the Resistors and the Cold Mass Cover Plate in
Magnet. (Note: Six of the nine resistors are warped and discolored due to resistor overheating.)

Figure 11. The Resistors and Diodes as Installed in Magnet 2 in 2007

The cables connecting the coils to the resistors and the resistors to the diodes are
quite heavy. The burnout time for cables like these is quite long. During a quench there
would be no overheating of these cables. It should be noted that the diodes are
compressed in the frame. This means that the copper plate at end of the diodes is well
compressed against the silicon wafer. If the copper is not pressed firmly onto the surface
of the silicon, the silicon will spall from overheating. The current going through the
diodes must be spread evenly across the silicon wafer surface.
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Why are there nine resistors when only six resistors are need for sub-dividing the
voltages while protecting the magnet during a quench? This was a puzzle until the
author realized that there are nine voltage taps going into the spectrometer solenoid.
There are two voltage taps for coils M1 and M2. There are five voltage taps across the
three-coil set. There is one voltage tap at each end of the coil set, there are voltages taps
between coil E1 and the center coil and between the center coil and coil E2. The center
coil is sub-divided into two-parts, the ten inner layers and the ten outer layers, so the fifth
voltage tap on the three-coil set is the center tap. Each voltage tap must have a resistor in
the circuit to prevent the current from surging through the voltage tap at high voltages.

Because the voltage taps and other wires are routed through a cold mass cryostat
vent pipe, it is difficult to install the surge resistors in series with the voltage tap wires.
The vendor design is quite clever in that the design calls for using the six of the quench
protection resistors as resistors to prevent a current surge in the taps. Thus, the number of
resistors shown in figures 11 and 12 equals the number of voltage taps not the number of
quench protection resistors. Figure 12 does not show the location of the voltage taps at
the HTS leads ends. These are shown in Figure 13. There are eight at the 4 K end and
eight at 60 K end. In addition the voltage can be measured at the top of the 300 K leads.

A A W W N N W W N W N N N N N N W N N N N N N N N N N W N N N N N N N N N N N N N W a

M1 M2 E1 Center E2

MW R R R R R R R R R R R R R
LR R TR R R TR R R R TR R R R R R

. PS <

300 A 10 V Power Supply

Figure 12. Spectrometer Solenoid 2B, during the Test that Burned out the Lead on the M2 Coil.
(Shown in this figure are the location of the 4 K voltage taps and the current surge resistors. Note: six of
the surge resistors are in series with the back-to-back diodes as part of the quench protection system.)

The resistors that overheated are the quench protection resistors that are in series
with the quench protection diodes. The overheating of the resistors and the burning of
the insulation was not caused by the magnet quenching. The resistors have enough mass
so that they are not overheated by the current that flows through them during a quench
[39]. The required resistor mass needed to protect the resistors during a quench is about
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2 kg per ohm of resistance. The decay time constant through the resistors during a
magnet quench is 4 to 5 seconds. One can look at the quench protection equations [18],
[33] and see that there is sufficient resistor mass to keep the resistor from getting too
warm. The mass of the 0.02-ohm resistors is more than 40 grams per resistor.
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Figure 13. The Location of the Voltage Taps and other Instrumentation in Magnet 2B. (VITMO1 to
VTMO9 are in the voltage taps in the magnet cryostat (see Figure 12). VTLO1 to VTO08 are voltage taps
located at the top of the HTS leads. VTL09 to VTL16 are voltage taps at the bottom of the HTS leads.

The cause of the resistor overheating was allowing the power supply to remain on
after the magnet had quenched. The forward voltage of the diodes is between 0.8 V and
1.5 volts depending on their temperature. The higher the diode temperature, the lower
the forward voltage. The six sets of back-to-back diodes shown in Figure 12 will have a
forward voltage from 4.8 to 9.0 volts. The power supply can deliver 10 V. This means
that there will always be a current flowing through the diodes and the resistors. The
diodes have enough surface area to be cooled using free convection. The 0.02-ohm
resistors, which have a smaller surface area, may not have the level of cooling that the
diode packs have. As a result, over time the resistors will get hot enough to burn the
insulation between the resistors and the cold mass cover plate.
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Since the power supply can deliver up to 300 A, there is enough capacity in the
power supply to deliver a current to the resistor string at the level of 8 to 40 A depending
on the forward voltage of the diodes in the string. With the power supply left on after the
quench, there is enough flowing through the string to produce from 7.7 W to 192 W of
heating in the resistors. The diodes will produce an additional 72 W to 192 W of heating
that is put into the cold mass. The degree of overheating and burning the charring of
insulation that occurs depends on the voltage drop through the diodes and the amount of
time the power supply is left on after the magnet has quenched.

The solution to this problem is simple, and yet it isn’t simple. All one has to do is
shut off the power supply after the quench occurs. In general this requires that some sort
of electronic signal be measured. That signal turns off the power supply. This means
that the quench should be monitored by a data-logger. The data logger is needed to
determine which coil in the spectrometer magnet triggered the quench of the magnet.

In general, the shut off of the power supply should not depend on the voltage
measured by the voltage taps. It is better to use a signal such as the pressure in the
magnet cryostat as a trigger to turn off the power supply. The pressure can be measured
mechanically, so it should be possible to turn off the power supply without using
electronic systems that tend to be unreliable. Turning off the power supply should be
regarded as a safety issue (for the equipment).

Coil voltage and current measurements and Other Issues

Coil Voltage and Current Measurements

Ideally the charging voltage should be measured across the coils not at the power
supply. This permits the voltage to be controlled at the coil level. Voltage control is
particularly important for coils M1 and M2, which have only one set of diodes in series
with the quench protection resistor. The maximum allowable charging or discharging
voltage for coils M1 and M2 is ~3 volts [41]. The charging voltage for the three-coil set
can be the full 10 V available, without firing the diodes. The correction power supply is
limited to ~3 V. The voltage taps that are shown in Figure 13 can also be used to monitor
the voltage at the coil level, the bottom of the HTS lead, the top of the HTS leads, and the
room temperature leads in the air just outside of the feed-through. As the current in the
magnet goes up the voltage drop to the power supply increases. There is less available
voltage to charge the magnet. When the magnet is being discharged the voltage drop
along the leads from the power supply helps speed up the discharge process.

Measurement of the current in the five coils may be critical issue for MICE. During
the tests of magnets 2A and 2B, the current and charging voltage were measured at the
power supply. This may not be adequate. In general, there are two methods for
measuring the current in the coils, calibrated current shunts or calibrated inductive
current sensors. The latter type of sensor is attractive if they will operate in the stray
magnetic field of the spectrometer solenoid. A shunt is temperature sensitive, but it can
always be operated in the stray field of the magnet. Figure 14 shows an arrangement of
current sensors that can read the current in coils M1, M2, E1, C, and E2 directly. The
sensors are in the lines that carry the currents for those coils. If redundancy is required a
current sensors can be put into each of the lines shown in Figure 14. In general, the
required level of the accuracy for the currents in the magnet is about 0.1 percent.
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Figure 14. The Location of Current Sensors that will measure the Current in the Five Coils of the MICE
Spectrometer Solenoid. (Note: the current from A to B applies for Coil M1. The current from C to D
applies for coil M2. The current from E to H is the current for the center coil. The current in E1 is the

current in the center coil plus the current from E* to F. The current in coil E2 is the current in the center

coil plus the current from G to H*.)

It was originally thought that coils M1 for the two magnets could be connected in
series. They cannot because the second magnet won’t turn normal fast enough to avoid
damaging the diodes and resistors in the magnet where the quench did not start. The
resistance of the quench protection resistors is too low for them to have a role of initiating
quench back in both magnets [40].

Safety Issues

There were some safety issues from the recent tests on the magnet. The biggest
safety issue is one must climb on the magnet while filling the helium tank or doing any
other work that requires access to the top of the magnet. A catwalk with railings on both
sides of the magnet should be constructed so that people can safely work next to the
magnet without having to get up on ladders or climb up on wooden boxes. Access to the
catwalk may be a ladder that is part of the catwalk assembly.

The importance of policing the area around the magnet for objects made of
ferromagnetic materials cannot be overstated. The stray field from the spectrometer
solenoid is considerable. Care must be taken to make sure that only non-magnetic tools
are used around the magnet when there is current in the coil. The primary hazard of
magnetic field is the presence of ferromagnetic materials near the magnet.

All electrical connectors for cables, shunts and other electrical devices connected to
the magnet power supply must be shielded so that people cannot handle the connections
while the magnet is powered. The quench protection diodes alone will not protect a
person from a foolish acts.
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Concluding Comments

This report makes a strong case for the cause of the failure of the M2 lead being
caused by conductor motion. One can make a case for conductor motion because there
was about a 300 mm length of unsupported wire that could have moved due to magnetic
forces on the wire. The section of the M2 lead that failed had an MPZ length that is less
than 10 mm. If 10 mm of this wire turns normal, the whole wire will turn normal rapidly
at a velocity of over 3 meters per second. The MPZ length is inversely proportional to
the current density in the wire and the resistivity of the matrix. The wire has a copper to
superconductor ratio of 1.4. With a low copper to superconductivity ratio, the MPZ
length is also reduced. At the time of the lead failure, the lead section that failed was in
helium gas. Because the lead was in gas, there definitely wasn’t enough cooling to this
section of the M2 lead to prevent it from being burned out.

The author doesn’t believe that the lead failure was caused by a magnet quench.
Quenching the magnet may lead to a current surge, but the surge is not large enough to
turn the lead normal. (A current surge must be over 1000 A and this is not possible.)
The magnitude of this surge will be reported on in a future MICE note. Another
argument against a quench of coil M2 being the cause of the failure is the time that it
takes to burn out the lead. It takes about 4.4 second to burn out the wire at the full design
current of the magnet. The burnout time at the current the lead failed is ~5.5 seconds.
During a quench, the time constant for the current decay is of the order of 4 seconds.
The quench current decay time constant is too short for there to be sufficient integrated
current squared with time to cause the lead to burn out in the way that it did. The author
thinks that the lead being burned out led to the magnet quench. This is the same
phenomenon that was observed when the HTS lead burned out in magnet 2A. Once
current is shunted through the diodes and resistors, the magnet eventually quenches.

The lead that burned did not melt the solder in leads that were connected to the high
current density lead that burned out. The melt time for the solder in the leads attached to
the lead that burned out is longer than the time to burn out the high current density lead.

Cases 2, 3, and 4 represent the thickened leads back to the diodes and resistors, the
pin of vacuum tight feed-through and the fixed section the magnet leads. All three of the
cases are cryogenically stable in liquid helium even when the leads are insulated. The
three cases are also cryogenically stable in helium gas as long as the gas temperature is
less than 5.1 K. The author strongly recommends that the cold mass liquid helium vessel
be kept full of liquid helium when the spectrometer solenoid is operating.

The spreader outside the spectrometer solenoid cold mass vessel is in vacuum. The
spreader rigidly supports the conductors that are connected to it. The conductors that are
within the spreader are cooled by conduction to an aluminum plate that is welded to the
helium tank. The author recommends that the conductors in the spreader be cooled from
both sides rather than one side as was the case in magnets 1, 2A and 2B. Cooling of the
conductor after it leaves the either coupling coil or the focusing coils is very important.
The current densities of these conductors should be as low as possible and the cooling
surface should be maximized. Cooling the diodes and the resistors is also important in
the coupling magnets and the focusing magnets. As long the conductor can be kept at a
temperature below its critical temperature when the matrix is carrying the lead current,
the conductor is cryogenically stable. The normal region will shrink and the conductor
will become superconducting again.
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It is important that the power supply be turned off when any of the MICE magnets
quenches. This prevents the quench protection resistors and diodes from overheating
after the quench. If possible, the power supplies should be disconnected from the
magnet coils using an automated mechanical switch that is triggered by something such
as the pressure in the cooling circuits or the helium vessel.

The accurate measurement of the coils currents may be important for the MICE
experiment. The current and voltage measurements should be made at or near the coil.
This means that the current transducers must be able to provide an accurate current
measurement in the magnetic field. Care should be taken to see that the voltage across
the internal diodes in the quench protection center be less than the forward voltage of the
quench protection diodes. It is recommended that the maximum forward voltage per
diode be kept below 3 volts.
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